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A bs~rac~: 1 exminc  ~hc accuracy  of the ‘l’01’l~x ionq~her-c correction;  its dcpcn -

dc]lcc on ocean and satellite paralnctcrs  is lCSS than 1 c)n. “J’hc noise in tllc ionosphere

correction is 5 mm rms plus 1 nlrn pcr Inctcr  of significant wave height, which is Letter

tlla]l t}lc pm-flight mcasurclncnts. ‘l’his corrcctioIl  should t)c smoothed over a win-

dow of 20 seconds i]) order to achicvc  ]ni]]imum Iloisc without sacrificing io]lospl]er-e

correction precisiol~.  ionosphere lnodcls lnust ac}licvc  an indepc]~dcnt,  sample spacing

of 500 km or lCSS in order to allow a sirlglc-frequency altirnctcr  to have all iol]osphcrc

correction c.omparab]c in accuracy to that of TOPEX.

1. ]ntroductio]l

The delay of a radar through the iollosphcrc  can be a significant source of er-

ror for a satcllik  altirnckr  [Stewart, 1985]. ‘J’he total electron content (’1’EC) of

tllc ionosphere, i.e. the integrated clcctrcm  density along a path from a rczcivcr  to

a satellite, can vary from C1 OSC to O ‘1113CLJ  (1 TItCU = 1016 c/m2)  to WC]] over

100 TECU, depending upoII the tilllc of clzLy, solar conditions, and locatiotl [Callahan,

1984]. At the frequency of the Ku-band  altimeter this corresponds to range delays

of over 20 c]n. ‘J’OPEX uscs tllc dispersion of the ionos~J]crc  to measure this delay

at two diffcrcl]t frcqucllcies and correct for it. IIowcvcr,  there arc potcntia]  difficul-

ties with this “dual-f rcquc]lcy “ iwlosphcrc correction: rapid ionosphere fluctuatiolls,

dispersion of the radar chirp, higher order frequency-dcpcndcncc of tllc io~lospl)crc

dispersion, frequency-dcpcndcnt altimctcl  ratlgc corrections, range bias bctwccn the

two altimeters, and altirnctcr  noise  in the range determination for cacll frcqucl]cy.

Only ionosphere fluctuations on a tilnc  scale of the ordm of the spacing bctwceII

adjacent Ku- and C-band bursts  (i.e. 107 /{s, corrcspo~ldillg  to a spatial scale. of 70 c]]))
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will contribute in the case of the first itcm.  As wc will see in the latter part of this

paper, the iollosphcrc  fluctuations on this scale may k safely neglected com])arcd  to

the other sources of error.

TIIC delay of tllc radar signal through the ionosphere is a function of frcqucxlcy

and will hc slightly different for different parts of the altimeter chirp (Iincarly ramped

frequency with time). For the ~’OPltX chirp with a 320 MIIz bandwidth}], the dif-

fcrcllcc in propagation time at either cncl  of the chirp amounts to 1 Yo x ‘1’RCU ill

crn for Ku-}3and  and 17% x ‘lIECU in cm for C-hand. lIowevcr, the effect of this

‘~chirp-colnpressio]l “ is symlnctric  on the radar point-target response. ‘1’bus, the effect

on the ionosphere correction is Inuc}]  less than the propagation time difference listed

~ here.

The ionosphere correction is obtained by assu~ning  a 1 /j2 frequency-dependence

of the range:

where lb is the true range,  &, RJJ are t]lc ranges measured by the Ku-hand and C-

band  a]timcters, rcspcctivcly,  alid aKU, ac arc the corresponding ionosphere correction

coefficients whic}l arc proportio]la]  to the integrated electron density along the radar

pat]]. bKu and bc reprcsc.nt all of tllc other frequency-dcpcndcnt corrections such

as the clcctromaglletic  bias (llM-}lias).  c contains all of the frequency-indcpcndcnt

corrections, such as the orbit  correction and th,e tides. Given cstimaks  for bKu and

bc and assun~iIlg  a == CZKU  = UC (i.e. neglecting effects of higher than sccoIld-order

f requency dispcrsioll)  OIIC Inay usc IIlcasurcIncIlts of ~tK,, and )ic to c]illlillatc a ill



the above equations and estimate an ionosphere correction:

where

For q’OPEX, fij = 0.179. 1 have

j-:
/ij G yF ~; (4)

defined the ionosphere correction ZN a positive quan-

in the merged geophysical data records (MG1)R’s),tity, which is opposite its sense

tmt is more convcnic]]t  here.

‘1’hc contribution of the higher order frequency-dcpcndcncc is miniscule. %ssiri

(S. Bassiri,  Higher order ionospheric effects on the phase delay of clcctromagnctic  sig-

nals, JP1, memorandum to 1. P. Yunck, March 1988) has estimated the contribution

of the next lowest-order term ill (1) and (2) (i.e., having a 1 / j3 depcndcncc)  to bc

about 0.4 cln of range error for a 1.5 Gl]z  radar propagating through a typical cart]]

magnetic flcld and a relatively large ionosphere electron content of 100 ‘J’ECU. q’liis

corresponds to about N 2 x 10-5 cm x ‘1’ECU for ~’OPEX. In fact, this is actually an

ovcrcstimatc,  bccausc  the higher order tcrrns  depend on the component of the mag-

IIctic field in the direction of propagatio~i  of t]lc signal, so that t}lc contribution oI]ly

rcachcs this magnitude at the geomagnetic poles, where the nadir signal is parallel to

the earth field. Clearly, the higher-order tcrlns are safely ncg]ectcd.

‘J’hc correction applied to the Ku- and C-band ranges is a function of significant

wave height. (SW]]), ofl-lladir pointing angle (or attitude) and autolnatic  gain col]trol

(AGC) of the spacecraft rcccivcr, (’I’l,c AGC is a function of tlic cross-scctio~l  of

the surface, ao, which  is related to the wind-speed at the surface. ) ‘1’})c c,orrcctio]l  is

writtcr) as a poly]lolnia]  ill t}lcsc qua]ititics,  wit]l cocflicicllts  w}licll  Illay bc diffcrcl)t
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for the two different frequency bands. ‘1’hus if the corrections arc not perfect, a

frequency-dcpcndcnt error will bc introduced into the rallgc estimation which will

propagate into the ionosphere correction. IIowevcr,  this error will bc correlated with

SW]],  uo or attitude, alld can thus bc detcctcd.

Note that the ionosphere correction  itself is ]Iighly correlated with

satellite parameters through its latitudinal dcpcndcnce.  Thus only by

diffcrcncc bctwccn

3 ncassurcmcnts  can

the altimeter-rnca.surcd ionosphere and independent

ocean and

taking the

ionosphere

wc observe a correlation between the error in the dual-frequency

ionosphere correction and occa.n or satellite parall~eters. ‘1’wo sources of io]losphcre

data arc convcnicnt; the I)ORIS  ionosphere correction is provided by the Ccntrc

‘ National d’13tudcs Spatialcs  (CNES)  on the MG1)R’s, and the international network

of GPS (Global Positioning Systcm)  clata can be interpreted as measurements of the

earth’s ionosphere bet wccn the ground rcccivcrs  and the satellites.

lt is conceivable that onc of the radars could have a range bizw with respect to

the other. I’his would propagate as an oflset in the ionosphere correction, and can

bc detected by co~nparing  the ionosphere measured by “J’OPEX to other sources of

iollosphcrc measurements.

Hy optimally filtering the wavenul]lbcr spectrum of the ionosphere correction,

one obtains estimates for the noise in tllc iollosp}lcrc  correction as well as for the

~nagllitudc  of the ionosphere signal itself as a function of length scale. 1 use this

i]lformation to set all optilnum  avclagi]]g  scale for the dual-frcquellcy  iwlosphcrc

correction and to estimate the resolution desirable in ally ionosphere Illodcl to bc

used with a single-frequency altimeter.
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2. SOurccs of lonospllcre  Data

‘l’he internatioxla]  network of approximately 39 GI’S rcceivcrs distributed wor]d-

widc reports the positions of a constellation of approxilnatcly  23 satellites. (~’hc

number of satellites and reccivcrs providing useful data at any onc time fluctuates. )

‘J’llcsc  satellites tralislnit  a dual-frcqucllcy  (1 .2276 alld 1.57542 GIIz)  radar signal

to the ground stations, which record t}lc differential delays as a function, of time.

‘J’hus these mca.surcmcnts can be turned into mcasurcmcnts  of the ionosphere ova-

the receivers.

For the comparisons reportccl  here, the ionospbcre  is modeled simplistically as a

slab at an altitude of 400 km, the approximate peak of the F-]aycr.  Errors ill vertical

I’EC obtained duc to t}lis approxilnation  have been estimated by Lanyi and Roth

[1 988] to be less than 10%. Note that tllc c]cctron density is sigrlificant for altitudes

much greater even than the ‘1’01’1!X/}’0S1311 jON orbit. Thus the nadir il]tcgratcd

electron density measured by GPS satellites should bc somewhat larger thal] that

measured by ‘J’OPEX. however, this bias between the two ionosphere mcawrcmcnts

is expected to bc at the most a few pcrccnt  of the ionosphere correction, ‘J’hc ionos-

phere is assulned constant over t}le  period of the fit (24 hours) in the sun-fixed

reference frame and is obtained by fitting the slant-TEC mcasurcmcnts  locatccl 011

the ionosphere shell to a set of real spherical harmonics, Also fit arc t}lc ullknown

1,1 –1,2 timing offsets for each satellite tral]slnittcr and ground statioxl  rcccivcr.  “J’lIc

complete fit fu)iction  j is:
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where

(6)

x is a vector with the following

Cos X3
Cc)scr’::-- -

X4

components:

)
xl = satellite illdcx

X2 = receiver index

X3 = c]cvat,ion angle Incasured at ground

X4 =- 1 -{ Shell height/earth radius

Z5 = gCOIIlagllCti~  colatitudc

X6 = longitude with respect to the sun

(7)

and the parameters to be fit arc: UI,I,, the spherical harmonic cocflicicnts,  Atij  the

point on the ionosphere shell and the

these maps the iollosphcre  is assumed

wavclcngtll  scales of 1000-2000 km and larger. q’hc geomagnetic latitude refers to the

difference in latitude between the observation

latitude of the geomagnetic equator. ‘1’}lus for

only to vary with geomagnetic latitude and local time. ‘1’hc technique used here is

very similar to that of Wilson, ct al. [1 993].

A typical fit

shown in Figure

angle to convert

delay at Ku-band. Fitting to data acquired over shorter time intervals than 24 hours

has been explored. The fit residuals thcll  correspond to a nadir range delay of lCSS

tha]] I,0 cln rIns. IIowcvcr, the covcragc  is Inuc}l worse, aIld tllc unccrtai]lty  in tl]c

satellite timing delays, and 6ijj the rcccivcr timing delays.

I is the maximum order of the spherical harlnonic  used in the fit. For the~ntax

cmnparisons  in this paper l,_ = 20, so that one expects to resolve features only at

using singular value decomposition to a full day of GPS data is

1. g’l]c global rms of the residuals to the fit, corrected for clcvatioll

to nadir ‘1’EC, is about  10 ‘J’RCU, or about 2 cln ill tcrrns  of rallgc
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comparison to the TOP14;X ionosphere cmrectkm  suffers unacccptaMy.  In addition

to the GPS-derived ionosphere correction, wc usc the DORIS ionosphere correction

[Picoi and Escudier,  1994] provided by CNES on t,hc MGl)lL’s as a indepm,dent  SOUI-CC

of ionosphere data.

Since  the sun’s position is the dominant effect on c]cctron density, O)]C wishm to

samp]c  the ionosphere at different times of the day. In order to accomplish this, it

is convcniellt to select a sequential set of six cycles of MGDR’s. During t}lis period,

the nearly sun-synchronous ‘1’01’ltX/POSEII]ON  orbit passes through approximately

onc half of a day of local  time. The ascending and descending passes sample local

times about onc half of a day

‘ day of local time data. IIere,  1

apart, so that a six-cycle sequence yiclcls an entire

have selected cycles 13-18. Only data for which the

]ono- IIad and Gco_}3ad.1  flags were clear and for which the Iono_l)or.Nad  index was

less than 5 have been used.

Several passes from cycle 18 arc showll in Figure 2. They display the extent to

which the GPS- and DORIS-derived ionosphere corrections and that of !I’OPEX agree.

Notice especially that the agreclnent  between the GPS-derived correction and that of

TOPEX is poor below about 35 degrees southern latitude. This is due to the lack of

coverage of GPS receivers in that region, which causes the fit to be poorly constrained

there, Because of this, the comparisons in sections 3-5 have been restricted to the

region above 35 degrees southern latitude.

]Iistograms  of the three ionosphere corrections are shown in Figure 3, Several

things are apparent in this figure: the TO1’l~X ionosphere correction after smoothing

over a 21 second window to reduce the noise contains no values  ICSS than --1 cm,

and seems co]]sisknt  with the IniIlimum  ionosphere correction bci Ilg O cIn. JIoth  tile
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DORIS and the G1>S ionosphere corrections show superficial ‘zeroing” of data. In

the case of the GI’S correction, this occurl cd where the fits prcdictcd  a negative value

for the integrated electron density, always in the southern hcmisphcrc  where the fit

wm poorly constrained. g’hc GPS data also show much larger valucx than either the

I)OIUS  or the TOPEX data, and the DORIS correction histogram shows the cflcct

of quantiTJation.

Figure 4 illustrates that the primary dependence of the ionosphere electron density

is on the sun’s position. In this figure, the mean I’01’EX  ionosphere correction

as well as the mean diffcrcncc Lctwecn  !I’OPEX  and GPS and also I’OPEX  and

l)ORIS have been Linncd versus local time. ‘1’he data for this figure were restricted

to the equatorial region, which has by far the greatest variability y in vertical integrated

electron density. Evidently there is a 1 cm offset bctwccn the TOPEX and DORIS

ionosphere corrections. The lack of spatial resolution in the GPS-derived correction

introduces large  errors which arc also apparent in this figure.

3. Corrclatio~l  to Ocean and Satellite Parameters

‘1’hc difTcrcnce  between the dual-frequency ionosphere correction and GPS is plot-

ted as a function of SW]],  attitude, U. and latitude in Figure 5, and for the IIORIS

ionosphere model in Figure 6. The difference between the TOPEX  correction and the

DORIS and GPS corrections, lcspcctively,  is plotted versus the ‘J’OPEX ionosphere

correction itself in l~igs. 7a and b. These plots represent averages over cycles 13-18.

‘1’he error bars plotted in Figs. 5-7 correspond to the standard error for each bin,

i .c. the standard deviation of the distribution of values for each bin divided by the

square root of the number of data in the bin. l’or most of the data, these error  bars
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arc much smaller than the plot symbol. With the exception of the latitudinal pro-

file, the differences vary o~~ly  hy a~out  4:().5 CIJI across the occupied parameter space.

The latitudillal  profile has excursions about twice that magnitude, perhaps indicating

tllc influcncc of the equatorial mlomaly (for example, scc pp. 192ff of [Kcllcy,  1989]).

Figure 7 again indicates both that the difference bctwccn  the DORIS and TOPEX

ionosphere correction can bc ch aractcrizcd  by a constant ofisct of approximately 1 cm

and that  the poor spatial resolution of the l,n,~. = 20 sphcrica] harmonic fit to the

GI’S data is limiting its ability to resolve localized iollosphcrc features.

Plots such as Figs. 5-7 were Inadc for each cycle separated by ascending and

descending passes, and the binned ionosphere correction difference was fit, weighted

‘ by the standard errors of each bin, to a straight line function of the independent

variable. The standard deviation of the fitted slopes for each group of pmscs may bc

used as an estimate for the uncertainty in the fit to the entire data set. ‘1’hcsc results

arc summarized in q’at)lc 1. I co]lcludc  that the dcpcndcncc  of the dual-frequmlcy

ionosphere correction on ocean ant] satellite parameters is less than 3:().5 cm for over

99% of the data and is consistent with zero.

Onc may also place a bound  on the error in the difference between the Ku- and

C-hand  EM-llias  correction, averaged over windspccd. ‘1’hc EM-Hiss correction is

parametrized as a pcrccntagc  of SW}]. Since the SW1l-dependence of the ionosphere

correction error is less than +0.5  crn over a ral]gc of 10 m of SWJi,  the error in the

diffcrcllcc  bctwccn  the Ku- and C-ba]ld  EM-llias  parameter lnust bc lCSS than 0.3%.

4. lonos~)hcrc  Correction Noise

By employing range IncasurcIncllts  froln a second altimeter to obtain  an ionospha-c
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correction, onc increases the noise of the range estimate over that of a single-frequency

altimeter. The range estimate is given in terms of the two range nicasurcmcnts  by

solving (1) and (2) for lh:

&I =“ (] + 6j)(&u ‘-  bKu) –  
($j(}~ –  bc) ‘-c (8)

onc may propagate the error in Jib from the errors in the individual terms of (8) and

subtract the contributions due to all c]tllcr sources of error (Ku-band altimeter noise,

other frequency- dcpcndcnt  correction estimates, and frequency-indcpcn dent correc-

tions) to obtain the noise

ionosphere correct ion:

contributed to the range estimate by the dual-frequency

(A&.)2 = [(I+- 6~)2 -- l](A~tKU)2  i ~~(Afi)2 (9)

where Al?KU and ARC arc the noise errors of the two altimeter frequencies. ‘J’hc

altimeter noise wzw measured in thermal vacuum at the Wallops flight facility, and

the results as a function of significant wave height (SW]])  arc given in ‘1’able 2.

In order to estimate the uncertainty in the mc~surcment. of the ionosphere total

electron content, one first notes that in (1 ) and (2) the residual frequency-dcpcndcllt

corrections (for exarnplc  the frequency-dcpcndcncc of the EM-Bias), hKU and bc, arc

of order of magnitude 10-3 SWII.  ~’his may Lc compared to ~ -- RKU (1 .’2 CIn/rl’FXIJ)

and A% from Table 2, (1 ZiSSUIIIC Ah is of the same order of ]nagnitudc  as b.) Clearly,

bKu ‘- bc is much less than  ]~c  - }~Ku and Ab is much lCSS than ARC, so O])C Inay

ignore these terms. Then, tllc ionosphere correction cocficicnt  a is givcll by:

a = 6f&(& ‘- ltc) (10)

I
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so that the uncertainly in the TEC  mcasurcmcnt,  1, is:

Al Aa [( AR~u)2  - t -  (A}%)’]+
——= -——-z= —.——. . ———.—— -— .-.
l a ]~ ‘- i<Ku

(11)

]nitial  data from TOPEX show that these estimates of the noise in the dual-

frcqucncy  ionosphere correction arc at least approximate] y correct. Figure 8 is a plot

of the standard deviation over a 21 second interval of the ionosphere correction versus

significant wave-height for cycles 13-18. (Variations in SWH and the ionosphere are

small on this scale. ) ~’hc data lic in approximate agrccmcnt  with the prediction of

the table and arc slightly lCSS noisy. Thus on the average the rms uncertainty ili the

1 -second averaged dual-frequency ionosphere correction is about 5 mm plus 1 Inln pcr

meter of significant wave height. IIowcvcr, as is shown in the next section, this noise

may bc reduced substantially without losing accuracy in the ionosphere correction by

averaging over several seconds.

5. Wavenutnbcr  Spectra

Figure 9a is the along-track power spectrum of the TOPEX, GPS and DORIS

ionosphere measurements averaged over cycles 13–1 8. In order to extract the power

spectrum of the ionosphere itself, the TOPF.X dual-frequency ionosphere power spec-

trum has been optimally filtered [Press ct al., 1992] with the as.sumptio]l  of a power

law noise spectrum fitted to the data in the range of 0.13 km-l to 0.35 kin-l. ‘1’hc

I)ORIS  power spectrum overlies the cxtractcd  power spectrum dramatically, while

the GI’S power spectrum cuts off at wavc]cngths of about 1000-2000 km, M expcctcd

from the number of paralnctcrs  in the fit. ‘1’hc former implies that the resolving scale

of the DORIS ionosphere is sufhcicnt to c.haractcrizc the ionosphere at the accuracy

of ‘J’OPEX, while the latter suggests that higher-order fits to G1’S data ~llay be de-
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sirable. The autocorrclation  of the altimeter tracker appears as a decrease in the

spectral density in the region of highest wavcnulnbcr.

Note the peak in the spectrum of both the filtered ‘1’01’EX ionosphere and the

lIORIS  ionosphere. Sillcc it occurs in both data sets, which can be regarded as

co]np]ctcly indcpcndcnt  Incasurcmcnts  of the iol~osphcre,  one expects that it is not

silnply an artifact of data smoothing or interpolation. 2’lIc peak does not occur in the

GPS spectrum since the wavelength is much smaller than the spectrum cutoff. ‘l’he

wavelength (about 400 km) ancl magnitude (about 5 x 10-5 of the spectral density

at the largest scales) of this peak correspond well to those of Traveling Ionospheric

])isturbanccs,  or TID’s [Callahan, 1984].

g’he integrated spectral density in terms of range delay at Ku-bal)d  is plotted

in Figure 9b. in order to characterize the spatial variability of the ionosphere, the

wavelcngt}j  at which tllc integrated spectral density reaches 2 mm rms is tabulated

for each cycles’ ascending and descending passes separately, each of which is roughly

constant in local time. Table 3 lists the local times for each group of passes and

gives the maxilnum  indcpcndellt  sample spacing based on the Nyquist  criterion of

a millinmm  of two samples per wavelength. Thus an ioriosphcre model should have

an independent sample spacing of at most 500 km in order to achieve the same

precision as the TOPEX ionosphere correction at all times of the day. The integrated

spectral densities were also computed for the equatorial region alone, 30 degrees S

to 30 degrees N latitude, 1’}Ic results were very similar to those shown in ‘1’ahlc  3.

ltxpcrimentally,  one finds that an averaging interval of about one-fourth the Nyquist

sample spacing avoids any systematic bias between the averaged ionosphere correction

and the 1 second averages. ‘1’his is especially ilnportallt  across t}lc ra~)idly Varyil]g
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it ltcgratcd  electron densities of the equatorial anomaly, where longer averaging times

can introduce biases of 1 cm or lnore. Onc concludes froln Table 3 that the TOPEX

correction can bc safely smoothed with a 20 second window. Figure 8 shows the

standard  deviation of the ionos~)here  correction after smoothillg  over this ix]terval;

the ~loisc  has been reduced to about 2 mm rms.

6. Conclusion

1 conclude from the agreement with the DORIS and GPS ionosphere data that the

‘1’OPEX dual-frequency ionosphere correction is accurate at least to 1 cm, and has

a dcpcndcncc  upon satellite and ocean parameters of less than 1 cm. The ‘1’OPEX

ionosphere correction should bc averaged over 20 sccondsj  which allows the noise in

the correction to bc reduced to about 2 mm rms wit}lout introducing errors for the

most rapidly varying regions of the ionosphere. ‘1’here is an average bias of about 1 cm

bctwccn the TOPEX ionosphere mca.surerncnts  and the DORIS  model, Morris and

Gill [1994] uscs the variability of lake surface heights measured by the altimeter to

compare the accuracy of the I)OR1 S and TOPF,X ionosphere corrections. ‘1’hc results

of that paper seem to indicate in favor of the dual-frequency ionosphere correction.

‘1’hc GPS-derived ionosphere maps are limited at present by the spatial rcsolutio)l of

the fit function and the poor covcragc  in the lower southern hcmisphcrc.

In order to utilize a sing]e-frequency altimeter, onc needs a source of ionosphere

correction data. Roth GPS Inaps and the I)ORIS  ionosphere ~nodcl are candidates, as

arc other models SUC}l M the PRISM model. (W. S. Schreincr  and G. 11. l]orn,  iono-

spheric calibration  for Single Frequency Altimeter Mcasurcrncnts,  preprint from the

Colorado Ce~ltcr  for Astrodynamics Rcscarc}l,  Department of Am-ospacc  Ellginccrillg
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Sciences, University of Coloraclo, Boulder,  Scptelnbcr  15, 1993.) 1’0 bc as precise as

q’OPEX,  these maps and modc]s should bc tm.scd  on an independent sample  spacing

of no more than 500 km.
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Captions

~’able 1. Correlation cocficients  and slopes from straight line fits to the difference

between the !I’OPEX dual-frcqucmcy  ionosphere correction and both the GI’S

and DORIS ionosphere corrections, ITI obtaining these results, the following

restrictions were placed on the data: SWII lCSS than 12 meters, attitude less than

0.5 degrees, CJo hctwccn  8 dB and 17.5 d}], and latitude north of --35 dcgrccs.

Table 2. The pre-flight  measurements of the altimeter noise and the corresponding

contribution of the ionosphere correction to the random range error. Also,

the corresponding uncertainty in the dual-frequency measurement of the total-

electron content of the ionc)spherc  (A 1). These values are for 1 second averages.

The data in the last column ~nay bc directly compared to Figure 8. (These  data

were obtained from the NASA TOPEX Altimeter Consent-to-Ship Package,

NASA/GSl”C/Wallops  night Facility, API,,  5 June 1991.)

Table 3. The Nyquist  sampling interval to achieve an ionosphere error of 2 mm rms

or less is tabulated as a function of the average local time of the passes from

which this interval was computed. For a given cycle, “A” refers to the ascc]lding

passes and ‘(D” the descending  passes. ‘.l’hc “safe” averaging time corresponding

to each sampling interval is also tabulated.

Fig, 1. Spherical harmonic fit to GPS clata for March 17, 1993. ‘1’hc values of the

c.olltour arc i]~ !I’}tCU.  (4.6 g’lLCIJ equals 1 cm of range delay at t}ic Ku-band

altirncter.) ‘1’hc electron density is largest whcIl tllc sun is overhead and at

all local times along the geomagnetic equator. ‘l’he 1000--2000  kln wavc]cllgt]l

rcsolutiol)  of the fit is apparent in t}lc  figure.
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Fig. 2. Several sample passes fl oln cycle 18. The scattcrcd points are the 1’OPEX

dual-frequency ionosphere correction. For comparison, the corresponding iono-

sphere corrections from lIORIS  (thin line) and the GPS maps (thicker line) arc

plotted. ‘1’hc paucity of coverage for the GPS data in the southern hexnisphcre

is apparent in that the fits arc poorly constrained in that region.

Fig. 3. IIistograrn  of tllc !l’OPEX dual frcqucnc.y  ionosp}]crc  correction, the DORIS

ionosphere correction and the ionosphere correction derived from sphcrica] har-

monic fits to GPS data. These histograms were accumulated over cycles 13-18.

l’he TOPEX ionosphere correction has been smoothed over a 21 second window.

, Fig. 4. Local-time dcpcndcnce  of the mean of the TOPEX ionosphere correction for

cycles 13–1 8. Also binned is the local-time dcpcndcnce  of the diflcrcnce be-

twccn”thc TOPEX and GI’S-dm-ivcd corrections and also the TOPEX/l)ORIS

diflcrence.

Fig. 5. Correlation of the diffcrcncc between the TOP13X dual-frequency ionosphere

correction and that derived from ionosphere maps produced by fitting to GPS

data. These correlations were binnccl  for all passes of cycles 13-18. The diffcr-

cncc is plotted versus (a) SWII,  (b) al,titudc,  (c) cro and (d) latitude. A positive

bias in this flgurc  and Figures 6 and 7 ilnplics that TOPEX measures a larger

integrated c]cctron density than the iollosphcre rnodc] or map being compared.

The TOPJtX  data have been smoothed over an 11 second window.

10g. 6. Same as Figure 6, but the diffcrcncc plotted is that bctwccn  the q’01’ltX

ionosphere correction and the DORIS io]losphcrc correction.
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Fig. 7. Difference hetwecn the TOPHX  dual-frequency ionosphere correction and a

reference ionosphere cmrcction , either (a) I)ORIS  or (b) GPS,  plotted = a

function of the TOPEX  corrcctioll. ‘1’hc several negative values for the ‘1’OPNX

corrccticm arc cxpcctcd  as a natural result of the altimeter Iloisc.

Fig. 8. Standard deviation of the TOPRX  ionosphere correction over a 21 second

window binned against SW}] for cycles 13-18. The error bars in this plot arc

not the standard error (i.e. uncertainty of the mean), but rather the standard

deviation of the distribution for each SWII bin. ‘l’he standard deviations for

both the 1 second averaged correction and that smoothed over 21 seconds arc

plotted. The 1 second avelagcs may bc compared directly to t}~c prc-flight  noise

mcasurcmcnts  in the ld column of Table 2,

Fig. 9. (a) Along-track wavenumbcr  spectrum of the ionosphcm  as mca.surcd by the

TOP13X dual-frequency iollosphcrc correction, the ionosphere corrcctioxl  derived

from a spherical harmonic fit to GPS data, and the DORIS ionosphere correc-

tion. Also plotted is the spectrum of the TOP12X ionosphei-c  correction after

optimal filtering. (b) The integrated spectra] dcnsiiy  of the ionosphere signal

obtained by optimally filtering the TOP13X ionosphere mea,suremcnt  to remove

the spectrum of the altimeter ]]oisc.

‘1’ablcs
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‘l’able 1. Corrclaticm  of ]onosphcrc Correction Differences—-—.——— . . ———

Pa rame te r  GPS Corr. DORIS Corr. GPS slope DORIS  slope
. ..— . .. ——... —

s WH –0.012 --0.061 –0.05 * 0.13 cm/m --0.07 * 0.01 clll/m

Att +-0.053 -i 0.009 +-3.9 * 9.4 cmjdeg +-0.2 +: 1.7 cm/deg

O(J +-0,018 +0.047 -10.04 * 0.19 cm/dB  +-0.053- 0.01 cm/dTl
. . — . ..— —_—_.— .—.. ———-—.. — .— .—— ——--— — ._— .— .._ _.. _ __ ___ . . __ _____ ___ ____

Table 2. Pre-l~light  Altimeter Noise Measurements— —

S W H  Ah A IiKU Al& AI
————_ ..— —— —.

2 m 2.7 cm 1.7 cm 1.2 cm 2,7 ‘1’ECU

4 in 4 . 1  CIII 2 .3  Cm ].6 CII1 3 .9  ‘1’ECIJ

8 ]n 6 . 9  Clll  3.6 cm 2.6 CIIl  6.5 TECU
—. —. —.. —. —.. ..— —. . . . . —— . . .
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Table 3. ionosphere Variability with Local ‘1’ime——. — .—. ..—

l,ocal Cycle  Nyquis t  Sampl ing  “Safe”  Averaging

Time Criterion (km) Time (s)
—. _._. .—— _ ——

0120

0330

0530

0720

0940

1120

1320

1430

1730

1920

2140

2320

17A

16A

15A

14A

13A

181)

17r)

1611

1 51)

141)

13D

18A

1000

1500

1800

1900

1200

670

570

510

590

670

630

500

40

60

75

80

50

30

25

20

25

30

25

20
—
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